We report the design of silica-based 1D phononic crystals (PnCs) with topologically distinct complete phononic bandgaps (PnBGs) and the observation of a topologically protected state of elastic waves at their interface. By choosing different structural parameters of unit cells, two PnCs can possess a common PnBG with different topological nature. At the interface between the two PnCs, a topological interface mode with a quality factor of ~5,650 is observed in the PnBG. Spatial confinement of the interface mode is also confirmed by using photoelastic imaging technique. Such topologically protected elastic states are potentially applicable for constructing novel phononic devices. Figure 5 shows the measured elastic power near the frequency of the peak in Fig. 4(a) .
Topological phenomena in quantum Hall, quantum spin Hall systems and topological insulators have been extensively studied in condensed matter physics 1, 2 . A hallmark of such phenomena is topologically protected edge states which are robust against defects and imperfection. The presence of the topological edge states is due to topological characters of bulk electronic bands, which is called the bulk-edge correspondence 3, 4 . Recently, topological concepts have also been extended to bosonic systems including photonic and phononic structures which support the topologically protected states of light [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , acoustic [17] [18] [19] [20] [21] [22] [23] [24] and mechanical [25] [26] [27] [28] [29] [30] waves for various applications. Most of experimental studies in mechanical systems have focused on discrete structures such as coupled pendula 27, 28 or granular chains 30 .
Although they are useful for describing topological concepts in mechanical systems, continuous solid structures supporting topological elastic waves are highly expected to realize practical high speed phononic applications. In contrast to the intensive theoretical studies of the topological elastic waves [31] [32] [33] [34] , there is a lack of an experimental demonstration in the continuous structures. One of the main challenges is due to high modal densities of elastic waves in continuous-solid structures, preventing the formation of complete PnBGs with topologically distinct properties. Very recently, experimental demonstration of topological elastic waves using continuous structures has been reported 35, 36 . However, the structures have only partial phononic bandgap (PnBG) which can cause loss of the topological elastic states by coupling with other propagation modes. Thus, it remains a challenge to realize topological elastic waves in continuous structures with complete PnBGs.
To the best of our knowledge, experimental demonstration of topological elastic waves in continuous structures with complete PnBGs is very limited even in one-dimensional (1D)
periodic system due to their high modal densities.
In this report, we report the experimental realization of topological interface state in solidstructured quasi 1D phononic crystals (PnCs) 37 . In 1D periodic systems, topologically protected edge states are zero-dimensional (0D), localized at the interface between two PnCs with topologically distinct bandgap [22] [23] [24] 30, 33 . The structure we designed consists of two different silica 1D PnCs with complete PnBGs which are topologically distinct. The topological interface states are guaranteed to exist at the interface between the two PnCs due to the bulk-edge correspondence principle. 
where
, is the normalized Bloch waves of elastic waves with wavevector k. When the unit cell has inversion symmetry, the Zak phase must be 0 or π 16, 22, 40, 41 . Note that Zak phases of U1 and U2 are gauge dependent values which depend on the choice of origin of the unit cell but the difference between the Zak phases of U1 and U2, which is ∆ Zak = Zak(U1) − Zak(U2) = π, is uniquely defined 42 . The distinct topological properties ensure the existence of interface states between two PnCs, U1 and U2, predicted from the bulk-edge correspondence. The existence of the interface state is related to the sum of all Zak phases below the gap on either side of the interface but has no dependence on the properties of the higher bands 16, 22, 40 . All Zak phases of U1 and U2 below the PnBG were calculated and eigenfrequencies of topological interface states in the composite PnC, U1+U2, were found in the topologically distinct PnBG regions (see supplementary data, S1). It is worth noting that only single localized state in each overlapped complete PnBG region exists in our structure even in higher-order PnBGs, such as our target PnBG between 20th and 21th bands. Figure 5 shows the measured elastic power near the frequency of the peak in Fig. 4(a) .
The peak in the transmitted elastic power is located at the center frequency of ~202.38 kHz, which is in very good agreement with the calculated eigenfrequency of the interface state, 202.97 kHz in Fig. 2(c) . The response curve is well fitted by a single Lorentzian with a full width at half maximum of ~35.8 Hz, which corresponds to the mechanical Q~5650.
The strong spatial confinement of the interface state was also experimentally confirmed by photoelastic imaging method. The interface states induce the birefringence in fused silica structures through the photoelastic effect. This produces time-varied retardation of the light passing through the structure. Since the peak retardation is proportional to the difference between the amplitude of strain components at each position of the incident light, the spatial distribution of peak retardation reflects the strain fields of the topological elastic waves 44, 45 .
The spatial distribution of the interface mode was achieved by measuring the peak Thus, our result would be an important step not only for advancing the fundamental research of topological elastic waves but also for realizing practical high-speed elastic devices using topological concepts. consisting of four-unit cells for each components, are shown in Fig. S1(c) . The interface states were found in the overlapped PnBGs which corresponding frequencies are indicated by arrows. The red arrow is our target frequency of topological interface state in the largest common PnBG with different topological properties, which provides strong localized state. PnBGs from appearing at the same frequency ranges in different configuration. Therefore, the structure parameter should be carefully selected in order to achieve wide enough complete PnBGs which provide strongly-confined topological interface states. arrow at its structural parameter in Fig. S2 . As can be seen in Fig. S2 (b) , the PnBG width of U1' is similar with that of U1, while U2' has relatively narrower PnBG than those of the other configurations. This induces flat bands below the common PnBG in the band structure using the supercell consisting of U1 and U2' as shown in Fig. 2(a) . As similar with the relation between U1 and U2, U1' and U2' have distinct topological properties, while U1 (U2) and U1' (U2') are topologically identical.
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S2. Topological phase transition in structural parameter space
S3. Band structures of U1' and U2'
S4. Transmission spectra of U1, U1' and U2' The experiment setup used for the measurement of mode distribution is shown in Fig. S5 .
A PZT disc was attached at the interface to excite the topological elastic states. The PZT disc was driven by applying a 2. 
where 0 is the peak retardation. Using a spectrum analyzer, we measured the fundamental frequency component 1 ( 0 ), which is proportional to 0 when 0 is small.
By scanning the position of the incident light beam along the x-axis, a spatial distribution of the peak retardation was measured. We also calculated peak retardation 0 ( , ) using material parameters of fused silica as same as our previous work 3 . The induced local birefringence distribution ∆ ( , ) at each xz-plane is not uniform along y-axis due to the quasi-longitudinal nature of the interface mode as shown in Fig. 5(b) . Therefore, accumulated retardation distribution 0 ( , ) after the light passes through the structure is expressed below as the integral of the induced birefringence over light propagation length d which also depends on the thickness of the structure along y-axis:
Since ∆ ( , ) is proportional to the difference between x-and z-component of strain tensor amplitude at each position, i.e. ∆ ( , ) ∝ − , the spatial distribution of peak retardation reflects the strain fields of the topological elastic waves.
